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Background: EGF receptor (EGFR) signaling is regulated by endocytosis.
Results: The intracellular localization of the EGFR affects its signaling.
Conclusion: EGFRs on the limiting membrane of endosomes, but not from the intraluminal vesicles, can induce apoptosis.
Significance: EGFR signaling is spatially regulated at multiple steps of the endocytic pathway.

Endocytosis positively and negatively regulates cell surface
receptor signaling by temporally and spatially controlling inter-
actions with downstream effectors. This process controls
receptor-effector communication. However, the relationship
between receptor endocytic trafficking and cell physiology is
unclear. In MDA-MB-468 cells, cell surface EGF receptors
(EGFRs) promote cell growth, whereas intracellular EGFRs
induce apoptosis, making these cells an excellent model for
studying the endocytic regulation of EGFR signaling. In addi-
tion, MDA-MB-468 cells have limited EGFR degradation fol-
lowing stimulation. Here, we report that in MDA-MB-468 cells
the phosphorylated EGFR accumulates on the limiting mem-
brane of the endosome with its carboxyl terminus oriented to
the cytoplasm. To determine whether perturbation of EGFR
trafficking is sufficient to cause apoptosis, we used pharmaco-
logical and biochemical strategies to disrupt EGFR endocytic
trafficking in HeLa cells, which do not undergo EGF-dependent
apoptosis.Manipulation of HeLa cells so that active EGF�EGFRs
accumulate on the limiting membrane of endosomes reveals
that receptor phosphorylation is sustained and leads to apo-
ptosis. When EGF�EGFR complexes accumulated in the
intraluminal vesicles of the late endosome, phosphorylation
of the receptor was not sustained, nor did the cells undergo
apoptosis. These data demonstrate that EGFR-mediated apo-
ptosis is initiated by the activated EGFR from the limiting
membrane of the endosome.

The EGF receptor (EGFR)2 is the prototypical receptor tyro-
sine kinase and is found in virtually every tissue in the body.
Binding of ligands, such as EGF, to the extracellular portion of

the receptor triggers the activation of intracellular effectors (i.e.
Shc, Grb2, PLC�, PKC). The activities of these effectors inte-
grate tomodulate cell physiology. The liganded EGFR is known
to alter cell proliferation, differentiation, migration, and sur-
vival. Functionally, these cellular changes influence develop-
mental biology, wound healing, tissue homeostasis, and cancer
biology (1, 2).
Signaling by the EGFR is a highly regulated process with a

tight balance between the activation and inactivation of the
receptor. Overexpression and hyperactivation of the EGFR are
associated with a number of cancers, including those of the
lung, colon, and kidney (3). Conversely, attenuation of EGFR
kinase activity in patients using pharmacological inhibitors
such as Iressa or Tarceva has been reported to disrupt epithelial
homeostasis, resulting in colitis, dermatitis, and corneal ero-
sions (4, 5). Thus, both too much or too little EGFR signaling
can be deleterious.
The endocytic pathway is the primarymolecular mechanism

that maintains the balance in EGFR signaling. In addition to
initiating the activation of downstream signaling pathways,
EGF binding also causes the ligand-receptor complex to inter-
nalize via clathrin-coated pits. Once inside the cell, this cargo
traverses the endocytic pathway by moving from clathrin-
coated vesicles through early endosomes, late endosomes/mul-
tivesicular bodies, and lysosomes for degradation. This process
is sufficient to attenuate EGFR signaling, but exactly how this
occurs is unclear. Possible mechanisms include removing the
receptor from the cell surface, dephosphorylating the receptor,
sequestering the receptor away fromdownstreameffectors, and
targeting the ligand-receptor complex for degradation (6).
In addition, there are numerous reports in the literature that

endocytosis is critical for the appropriate spatial localization of
the ligand-receptor complex to activate downstream effectors
(6). Inhibition of EGFR endocytosis decreases the efficiency of
signaling toMAPK and PI3K (7) and induction of apoptosis (8).
Further, maintaining the active EGFR at the plasmamembrane
enhances phosphorylation of EGFR, Shc, and PLC� and DNA
synthesis (7, 8). Although there are considerable biochemical
data implicating a role for the endocytic pathway in the regula-
tion of EGFR-effector communication, much less is known
about the physiologic consequences of perturbing the spatial
regulation of EGFR signaling. A more sophisticated under-
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standing of how the endocytic pathway regulates receptor sig-
naling within the cell will provide critical insight into how to
pharmacologically manipulate EGFR signaling.
We reported previously that in MDA-MB-468 cells, the

EGF�EGFR complexmust internalize for apoptosis to occur (8),
indicating that intracellular signaling is required for EGFR-de-
pendent induction of apoptosis. In contrast, when the EGF�
EGFR complex is retained at the plasma membrane, there is
enhanced DNA synthesis (8). These opposing effects on cell
physiology by cell surface and intracellular EGFRs highlight the
utility of MDA-MB-468 cells for studying the relationship
between intracellular trafficking and signaling.
This study examines themolecular basis for apoptotic signals

generated by intracellular EGFRs. Toward this end, we found
that inMDA-MB-468 cells, the phosphorylated EGFR accumu-
lates in the early endosome. These receptors are oriented on the
limiting membrane of the early endosome so that phosphoty-
rosines of the carboxyl terminus are exposed to the cytoplasm.
The accumulation of EGFRs on the limiting membrane of the
endosomes is sufficient to produce EGFR-dependent apoptosis.
Using HeLa cells that do not normally undergo apoptosis in
response to EGF, we biochemically and pharmacologically
recapitulated this defect in EGFR trafficking. The accumulation
of EGFRs on the endosomal limiting membrane, but not in
intraluminal vesicles, was sufficient to induce EGFR-mediated
apoptosis. Thus, we have identified a way to alter EGFR-mod-
ulated cell physiology through manipulation of the endocytic
trafficking of the receptor.

EXPERIMENTAL PROCEDURES

Cell Lines—MDA-MB-468 cells were obtained from the
ATCC and maintained in DMEM, 10% FBS, 100 units/ml pen-
icillin, 100 �g/ml streptomycin, and 2 mM glutamine. HeLa
cells were a gift of Sandra Schmid (The Scripps Research Insti-
tute) and were maintained in DMEM containing 5% FBS, 100
units/ml penicillin, 100 �g/ml streptomycin, and 2 mM gluta-
mine (9). Cell lines were maintained at 37 ° in 5% CO2.
Percoll Gradient Fractionation—Analysis of radioligand dis-

tribution was performed as described by Kornilova et al. (10).
Briefly, HeLa cells were incubated for 15 min with 125I-EGF (1
ng/ml) at 37 °C in binding buffer (DMEM, 20 mMHEPES, 0.1%
bovine serum albumin (pH 7.4)). Following treatment, cells
were washed three times with PBS and returned to 37 °C in
growth media. After another 45 min (60 min total), cells were
washed twice with TES (10 mM triethanolamine, 1 mM EDTA,
0.25 M sucrose (pH 7.2)) and harvested in 2 ml of TES. Lysates
were pipetted up and down 40 times and centrifuged for 10min
at 200� g in a Sorvoll JA25.5 rotor. The supernatant was trans-
ferred to a clean tube and the pellet was resuspended in 2 ml of
TES and centrifuged again. The resulting 4 ml of postnuclear
supernatant was diluted with a 90% Percoll solution in TES to
17% in 11.5 ml. Samples were centrifuged for 25 min at 4 °C at
50,000 � g in a Beckman Ti65 rotor to separate early and late
endocytic compartments. Samples were fractionated into
10-drop fractions (�30 fractions/gradient) from the bottom
and measured for radioactivity in a Beckman � counter. Data
are plotted as the percentage of total radioactivity in each tube
versus the relative migration of each fraction in the sample.

Densitywasmonitored using densitymarker beads (Amersham
Biosciences).
In experiments using MDA-MB-468 cells, cells were treated

with 10 ng/ml EGF for the indicated periods of time. Post-
nuclear supernatant was prepared as described above, resolved
on a 17% Percoll gradient, and fractionated. Every other frac-
tion was immunoblotted for phosphorylated EGFR, an early
endosomal marker (transferrin receptor (TfnR)), and a late
endosome/lysosome marker lysosome-associated membrane
protein (LAMP-2)) as indicated in the figure.
Indirect Immunofluorescence—In experiments determining

the endosomal orientation of the EGFR, cells were fixed in 4%
paraformaldehyde and permeabilized with 0.015% digitonin,
which permeabilizes the plasma membrane but not intracellu-
lar compartments (11). Cells were then incubated with EGFR
antibodies that target either an amino-terminal epitope (AB-1,
Calbiochem, San Diego, CA) or a carboxyl-terminal epitope
(SC-03, Santa Cruz Biotechnology, Santa Cruz, CA). As a con-
trol to confirm the ability of both antibodies to label internal-
ized EGFRs, cells were permeabilized with 0.1% saponin, which
permeabilizes the limiting membrane to give access to the
intraluminal compartment of the endosome. Confocal imaging
was performed using an Olympus FluoView1000 confocal
microscopewith a�60 oil immersion objective lens (numerical
aperture 1.42, Olympus America, Center Valley, PA). For each
condition, cells of interest were identified, and short stacks of
images (1–3 �m total thickness in the Z dimension) were col-
lected using a step size of 0.3�m, yielding aZ resolution of�0.3
�m for each optical plane within the stack. To ensure that
images collected from all specimens were equivalent, hardware
acquisition parameters were optimized for imaging cells under
control conditions (no digitonin, no EGF treatment), and all
acquisition parameters were then held constant for imaging
cells under the remaining experimental treatment conditions.
Channels were imaged sequentially to ensure that there was no
bleedthrough of signals. No further adjustment of brightness,
contrast, or threshold was performed. Images of individual
optical planes from each experimental conditionwere exported
to Adobe Photoshop for preparation of figures.
In experiments examining the accumulation of total EGFR

distribution with and without monensin treatment (Fig. 7), the
cells were permeabilized with 0.1% saponin after fixation but
prior to processing with antibodies, as described previously
(12). Images were collected on an Olympus IX70 microscope
using a �40 objective and a QiCam charge-coupled device
camera controlled through Q-Capture software.
siRNA Oligo and Transfection—Both RAB7 and TSG101

siRNAs were described previously (23, 25). RAB7 siRNA was
siGenome SMARTpool RAB7a preparation obtained from
Dharmacon (Lafayette, CO). siRNA for TSG101 was obtained
from Integrated DNA Technologies (Coralville, IA) using the
published sequence. Transfection of HeLa cells was performed
using Interferin� following the manufacturer’s instructions.
Cell Lysate Preparation and Immunoblotting—Cell lysates

were generated by washing the cells twice with PBS and solubi-
lizing cells in lysis buffer (150mMNaCl, 1%Nonidet P-40, 0.5%
deoxycholate, 0.1% SDS, 50 mM Tris (pH 8.0), 10 mM sodium
pyrophosphate, 100 mM sodium fluoride, 2 mM phenylmethyl
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sulfonyl fluoride) on ice. Proteins were solubilized by rotating
the lysis buffer/cell mixture end over end for 10 min at 4 °C.
Insoluble material was removed by centrifugation for 10 min at
4 °C. The protein concentration of the solubilized protein was
assessed by BCA assay (Pierce), and samples were diluted in
SDS sample buffer. Equivalent amounts of protein (indicated in
the figure legends) were separated by SDS-PAGE, transferred
to nitrocellulose, and detected with the indicated antibody.
Antibodies and sources are as follows: RAB7 (Sigma), TSG101
(Genetex, Irvine, CA), transferrin receptor (BD Transduction
Laboratories), EGFR (SC-03, Santa Cruz Biotechnology), EGFR
phosphotyrosine 1068 (Cell Signaling Technology, Danvers,
MA), poly(ADP-ribose) polymerase (PARP) (Santa Cruz
Biotechnology), lysosomal-associated membrane protein 2
(LAMP2) (University of Iowa Hybridoma Bank), and �-tubulin
(Sigma). Antibodies were subsequently probed with horserad-
ish peroxidase-conjugated goat anti-mouse or goat anti-rabbit
secondary antibody (Pierce), and detected proteins were visu-
alized by ECLusing aUVProducts imaging system. Band inten-
sities were quantified using National Institutes of Health
ImageJ software.
Radioligand Degradation—Cells were incubated for 7 min

with 1 ng/ml 125I-EGF (PerkinElmer Life Sciences, catalog no.
NEX160; specific activity 150–200 �Ci/�g) at 37 °C in binding
buffer (DMEM, 20mMHEPES, 0.1% bovine serumalbumin (pH
7.4)). Cells were washed four times in room temperature PBS to
remove unbound 125I-EGF. Prewarmed 37 °C medium was
added to the cells, and they were returned to 37 °C for the indi-
cated periods of time. At each time point the medium was col-
lected. The remaining cells were solubilized in 1% Nonidet
P-40/20mMTris (pH 7.4). Cell lysates were incubated with 10%
trichloroacetic acid and 1% BSA as a carrier protein on ice for
1 h. Intact protein was separated from degraded protein by
centrifugation for 15min at 14,000 rpm at 4 °C. The radioactiv-
ity for each of the three fractions (secreted, intact, degraded)
was measured using a Beckman � counter (13).
MTT Assays—For cells transfected with siRNA, HeLa cells

were replated at a density of 5000 cells/well in a 96-well dish
in 0.5% FBS, DMEM, 100 units/ml penicillin, 100 �g/ml
streptomycin, and 2 mM glutamine 24 h after transfection.
Six hours later, themediumwas supplemented to achieve the
indicated final concentration of EGF (0–10 ng/ml) or 5%
FBS. After an additional 48 h, cell viability was measured
using MTT (3,[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide) (14).
In cells treated with monensin, cells were plated at a density

of 5000 cells/well in 0.5% FBS, DMEM, 100 units/ml penicillin,
100 units/ml streptomycin, and 2mM glutamine. Six h later, the
cells were pretreated with 5 �Mmonensin in DMEM and 0.05%
methanol. Control cells were treated with 0.05% methanol in
DMEM. Thirty minutes later, the medium was supplemented
to achieve the indicated final concentration of EGF (0–10
ng/ml) or 5% FBS.
Data were plotted as the ratio of number of cells relative to cells

in DMEM alone (0 ng/ml EGF). Statistics were calculated using
Prism software (GraphPad Software, Inc., San Diego, CA).

RESULTS

Active EGFRs Accumulate in Early Endosomes in MDA-MB-
468 cells—MDA-MB-468 cells are a unique model system for
studying the spatial regulation of EGFR signaling. MDA-MB-
468 cells were first described by Cailleau et al. (15) as part of a
series of metastatic breast cancer cell lines derived at the M. D.
AndersonCancer Center inHouston, TX and are characterized
by overexpression of EGFRs (�1.3� 106 EGFRs/cell) (16). Like
many cell lines expressing high levels of EGFRs, the endocytic
trafficking of the receptor is delayed dramatically. The high
level of receptor expression is favorable for studying the spatial
regulation of EGFR signaling for two reasons. First, EGF treat-
ment yields robust responses in terms of receptor phosphory-
lation, effector activation, and changes in cell biology. Second,
the endocytic trafficking is naturally slowed because of satura-
tion of the endocytic machinery. This allows one to differenti-
ate between the duration of signaling and the spatial placement
of the receptor.
In the case of MDA-MB-468 cells, a key cellular change

accompanying treatment with EGF is the induction of apopto-
sis. Although EGF is typically thought of as a mitogenic growth
factor, it is well established that EGF induces apoptosis in cells
overexpressing the EGFR (17–19). However, themechanism by
which this occurs is not well understood.
Using MDA-MB-468 cells, we discovered that intracellular

EGFRs, but not the cell surface receptors, induce apoptosis.
Further, during the induction of apoptosis, there is little degra-
dation of the EGF�EGFR complex. This led us to hypothesize
that the intracellular accumulation of the active EGF�EGFR
complex mediated the induction of apoptosis (8).
Because there is little degradation of the EGF�EGFR complex

in MDA-MB-468 cells and the enhanced stability of the com-
plex is associated with the induction of apoptosis, we wanted to
know where in the endocytic pathway the complex accumu-
lated. To answer this question, we treated MDA-MB-468 cells
with EGF for varying amounts of time (15min, 2 h, 16 h, or 24 h)
and resolved the postnuclear supernatant on a 17% Percoll gra-
dient to separate early and late endosomes. Following fraction-
ation of the gradient, each fraction was probed by immunoblot
analysis to determine the relative distribution of the phosphor-
ylated EGFR at each time point (Fig. 1). At all time points, the
phosphorylated EGFR accumulated overwhelmingly in frac-
tions that corresponded to the early endosome, as indicated by
the colocalization of the transferrin receptor (TfnR). In addi-
tion, the EGFR is segregated from lysosomal-associated mem-
brane protein 2 (LAMP2), indicating that the majority of EGFR
is segregated from the late endocytic pathway.
Previous studies demonstrated that there is very little ligand-

stimulated EGFR degradation in MDA-MB-468 cells (8).
Together with our gradient analysis, these data indicate that
EGFR trafficking is blocked at the early endosome in MDA-
MB-468 cells.
We next wanted to identify the orientation of the EGFR in

the early endosomes. Under physiological conditions, when the
EGFR is in the early endosome, it is located in the limiting
membrane and oriented so that the ligand-binding amino ter-
minus is in the lumen of the vesicle and the carboxyl-terminal
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domain is oriented toward the cytoplasm. However, given the
slowed kinetics of EGFR trafficking in MDA-MB-468 cells, we
could not rule out the possibility that the EGF�EGFR complex in
MDA-MB-468 cells had entered into intraluminal vesicles
(ILVs), such as the multivesicular bodies that are characteristic
of the late endosome, which would alter the orientation of the
receptor termini. This difference in orientation is potentially
very important, as it may alter receptor signaling.
Confocal microscopy of cells double immunolabeled using

amino- and carboxyl terminus-specific EGFR antibodies was
performed to determine whether the liganded EGFR was
located on the limiting membrane or sequestered within the
early endosome (Fig. 2). Cells were treated with EGF and fixed
at intervals between 0 and 24 h to allow receptor internalization
and trafficking to different portions of the endocytic pathway.
After fixation, cells were treated with 0.015% digitonin to per-
meabilize the cell membrane while preserving the integrity of
intracellular membranes. This procedure permits large mole-
cules such as antibodies to penetrate the cell membrane but not
the membranes of intracellular organelles (11). Under these

conditions, only the terminus of internalized EGFR that is
exposed to the cytoplasmwill be available for antibody labeling,
allowing assessment of the orientation of internalized recep-
tors. To specifically identify the orientation of the amino and
carboxyl termini of internalized EGFR receptors, the cells were
incubated with an amino terminus-specific antibody (Ab-1,
Calbiochem, mouse monoclonal, visualized with Alexa Fluor
568 (red)) in combination with a carboxyl terminus-specific
antibody (SC-03, Santa Cruz Biotechnology, rabbit polyclonal,
visualized with Alexa Fluor 488 (green)). At all time points, the
amino terminus-specific EGFR antibody (red) strongly labeled
the plasma membrane but showed little labeling within the
cytoplasm (Fig. 2A). Following EGF treatment, the carboxyl ter-
minus-specific EGFR antibody (green) stained EGFRs in the
plasma membrane as expected, in addition to internalized
receptors in endosomes (Fig. 2B).
The observed differences in EGFR labeling intensity may

reflect the accessibility of the respective epitope (less intense
staining) or concentration of receptors (more intense staining).
Nevertheless, comparison of the relative distribution of each

FIGURE 1. EGF treatment of MDA-MB-468 cells causes the receptors to accumulate in the early endosome. MDA-MB-468 cells were treated with 10 ng/ml
EGF for 15 min (A), 2 h (B), 16 h (C), or 24 h (D). Postnuclear supernatants were prepared, run on isotonic 17% Percoll gradients, and fractionated into �30
fractions (�330 ml each). Every other fraction was resolved by 7.5% SDS-PAGE, transferred to nitrocellulose, and probed with antibodies against the phos-
phorylated EGFR, the transferrin receptor (TfnR), and lysosomal-associate membrane protein 2 (LAMP2). Densitometric measurements of the immunoblot
analyses were performed using National Institutes of Health ImageJ software, and the intensities were normalized to the maximum value and plotted for each
fraction as indicated by the legend. Data shown are from representative experiments repeated for each time point in triplicate.
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antibody reveals that the amino-terminal antibody primarily
stains the plasma membrane and the carboxyl-terminal anti-
body stains the endosomes of 0.015% digitonin-permeabilized
cells. Thus, the EGFR accumulates on the limiting membranes
of the early endosome.
Pharmacological Disruption of EGFR Endocytic Trafficking Is

Sufficient to Yield EGF-dependent Apoptosis—Having identi-
fied the defect in EGFR endocytic trafficking in MDA-MB-468
cells, wewanted to knowwhether disrupting endocytic traffick-
ing at this stage was sufficient to make cells undergo EGF-de-
pendent apoptosis. For these studies, we used human cervical
cancer cells (HeLa cells) as a model system, as they do not nor-
mally undergo EGF-dependent apoptosis. HeLa cells express
physiological levels of EGFRs (�50,000 EGFRs/cell) (20) and

are amenable to genetic manipulation. The EGFR trafficking in
HeLa cells has been characterized in detail (21–23), making
these cells an excellent model for our studies.
A pharmacologic approach for our initial studies was a logi-

cal first step, as drugs can be added to cells via the medium and
quickly perturb trafficking. We disrupted EGFR trafficking
using the reversible ionophoremonensin to block the acidifica-
tion of the early endosome (24), which is essential for trafficking
of the EGFR beyond the endosome.
Following treatment with monensin, the EGF�EGFR com-

plexes accumulate in endosomes, as demonstrated by indi-
rect immunofluorescent staining of the EGFR. This distribu-
tion is sustained for 180 min after EGF treatment (Fig. 3A).
In contrast, vehicle-treated cells only transiently localize the

FIGURE 2. EGF stimulated EGFRs in MDA-MB-468 cells accumulate on the limiting membrane of endosomes with the carboxyl terminus oriented
toward the cytoplasm. A, serum-starved MDA-MB-468 cells were treated with 10 ng/ml EGF for the indicated times, fixed, and treated with or without 0.015%
digitonin to permeabilize the cell membrane while leaving the limiting membranes of intracellular organelles intact. Cells were fixed and processed for double
indirect immunofluorescence with an EGFR amino terminal antibody (Ab-1, red) and an EGFR carboxyl-terminal antibody (SC-03, green) as described under
“Experimental Procedures.” Labeling for the amino terminus of the EGFR is present on the cell membrane at all time points but is absent from endosomal
compartment in the cytoplasm. In contrast, labeling for the carboxyl terminus is present in both the cell membrane and in the endosome with longer EGR
treatments, indicating that the C terminus of the internalized receptor is oriented toward the cytoplasm. Shown are representative single optical sections from
an experiment performed three times. Scale bar � 20 �m. B, magnified images of data collected as described in A. Included is a positive control of cells
permeabilized with 0.1% saponin to demonstrate endosomal staining with the amino-terminal specific EGFR antibody (Ab-1). Scale bar � 5 �m.
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EGF�EGFR complex to endosomes. With longer treatment
times in vehicle treated cells, the staining for the EGFR
becomes more diffuse. Monensin-treated cells have sus-
tained EGF-stimulated EGFR phosphorylation and a slowed
rate of ligand-stimulated EGFR degradation (Fig. 3B). This
trafficking phenotypemimics what is observed inMDA-MB-
468 cells.
To determinewhethermonensin treatment causes cell death

in an EGF-dependent manner, we assessed cell viability in
response to EGF byMTT assay (Fig. 3C). In monensin- but not
vehicle-treated cells, EGF causes a dose-dependent decrease in
the number of viable cells. The presence of monensin did not
cause a statistically significant difference in the growth of cells
with FBS. Thus, pharmacologically induced retention of the
activated EGFR in the endosome is sufficient to cause cell
death. However, it is not clear whethermonensin-treatedHeLa
cells accumulate the EGFR on the limiting membrane of endo-
somes or sequestered in ILVs.
TSG101 and RAB7 Knockdown Disrupt EGFR Trafficking at

Different Endocytic Stages—To determine whether the endo-
somal accumulation of the activated receptor was sufficient for
EGFR-mediated apoptosis or whether the activated receptor
had to be localized to the limiting membrane of the endosome,
we used an RNAi strategy to knock down proteins that regulate
distinct stages of endocytic trafficking. This experiment also
served as a control for any nonspecific effects of monensin.
TSG101 is part of the endosomal sorting complex required

for transport machinery. Specifically, it recognizes the ligan-
ded, ubiquitylated EGFR and directs it into the ILVs of the late
endosome. Knockdown of TSG101 results in the accumulation
of the EGFR on the limiting membrane of the late endosome
(25). Under these conditions, the liganded EGFR is oriented
with the carboxyl terminus of the receptor in the cytoplasm of
the cell and presumably has access to downstream effector pro-
teins, similar to what is observed in MDA-MB-468 cells.
The second protein, RAB7, is a small molecular weight G

protein that is required for fusion of the late endosome and
lysosome. Knockdown of RAB7 results in an enlarged late
endosome containing an increased number of ILVs and the
EGFR (23). Knockdown of RAB7 served as a control to deter-
mine whether it is the spatial localization of the receptor or the
duration of the viable EGF�EGFR complex. Using these tools,
we can assess the affect of accumulating the EGFR at distinct
subcellular locations.
The sequences of the siRNA oligos used to attenuate RAB7

and TSG101 expression in these studies have been described
previously (23, 25). Their specificity has been validated by res-
cuing the phenotypes withmutant forms of the protein that are
resistant to knockdown.
Transfection of HeLa cells with these siRNA attenuated

expression of RAB7 and TSG101 to less than 10% of normal
levels (Fig. 4A). Further, knockdown of either RAB7 or
TSG101 delayed EGF�EGFR degradation as measured by the

FIGURE 3. Endosomal accumulation of the EGFR by monensin treatment
is sufficient to promote EGF-dependent apoptosis. A, HeLa cells grown on
coverslips were pretreated with or without 5 �M monensin for 30 min, fol-
lowed by treatment with 10 ng/ml EGF in the presence or absence of 5 �M

monensin. At the indicated time points, the cells on the coverslip were fixed
and processed for indirect immunofluorescence (IF) using an EGFR antibody
(Ab-1) (green). Nuclei were stained with DAPI (blue). Scale bar � 10 �M. B, HeLa
cells were pretreated with 5 �M monensin for 30 min, followed by treatment
with 10 ng/ml EGF as indicated. Cell lysates were prepared, resolved by 7.5%
SDS-PAGE, and immunoblotted (IB) with the indicated antibodies. C, HeLa
cells were plated in 96-well dish, pretreated with 5 �M monensin for 30 min,
and then stimulated with the indicated concentrations of EGF in DMEM or 5%
serum in DMEM for 48 h in the absence or presence of 5 �M monensin. The

number of viable cells was quantified by MTT assay. Data are plotted as the
relative change in the number of cells as compared with cells maintained in
DMEM. Data are presented as the average � S.E. (n � 4). *, p � 0.05 calculated
by a paired Student’s t test.
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rate of 125I-EGF degradation (Fig. 4B) and 125I secretion into
the media following degradation of the radioligand (C).
Knockdown of TSG101 inhibited the rate of 125I-EGF degra-
dation to a greater extent than knocking down RAB7. How-
ever, knockdown of either protein was equally effective in
inhibiting the secretion of 125I, a process that occurs following
lysosomal degradation of the protein. This may reflect differ-
ences in how RAB7 and TSG101 knockdown disrupts traffick-
ing in the endocytic pathway. Knockdown of RAB7may permit
partial degradation of the 125I-EGF because of the more acidic
environment of the late endosome. Thus, the partially intact
125I-EGF may not be precipitated in our assay (Fig. 4B), but the
protein degradation may not be sufficient for secretion of the
partially degraded radioligand out of the cell (C). The assays

used likely explain the apparent difference in efficacy of the two
proteins.
It has been demonstrated previously using electron micros-

copy that knockdown of TSG101 and RAB7 enriches the
ligand-receptor complex at distinct subcellular locations (the
limiting membrane of the late endosome and the ILVs of
the late endosome, respectively (23, 25)). To determine quanti-
tatively if the 125I-EGF�EGFR complex accumulated differ-
entially in siRNA-transfected cells, we examined biochemically
the endosomal distribution of the 125I-EGF�EGFR complex in
TSG101 and RAB7 siRNA-treated cells (Fig. 5). Cells were
loaded with 125I-EGF and chased with radioligand-free media.
Cells were collected and early, and late endosomes were
resolved using sedimentation velocity centrifugation with Per-
coll gradients, as described in Fig. 1. Density beads and endo-
some specific proteins were used to verify the identity of the
fractions. Low density fractions (Rf �0.3, 1.040 g/ml) corre-
sponded to early endosomes and higher-density fractions (Rf
�0.9, ‚ � 1.080–1.109 g/ml) correspond to late endosomes
(10).
Preliminary experiments in untransfected HeLa cells indi-

cated a time-dependent progression of the 125I-EGF�EGFR
complex from the early endosome to the late endosome. By 120
min after treatment, less than 75% of the starting amount of
radioactivity remained, with minor peaks at densities corre-
sponding to early and late endosomes (data not shown).
On the basis of these findings in untransfectedHeLa cells, we

chose the 120-min time point to examine the endosomal distri-
bution of the EGF�EGFR complex in siRNA-transfected cells
(Fig. 5, A–C). Distribution of radioactivity in cells transfected
with control siRNA (siCon) established the base line distribu-
tion of ligand-receptor complexes (Fig. 5A) and was indistin-
guishable from untransfected cells (data not shown). Cells with
attenuated expression of RAB7 showed a large peak of radioac-
tivity in higher-density fractions corresponding to the late
endosome (Fig. 5B). This is consistent with our previous report
that loss of RAB7 causes the EGF�EGFR complex to accumulate
in the intraluminal vesicles of the late endosome (23). Knock-
down of TSG101 caused 125I-EGF to accumulate at a range of
densities ranging fromRf�0.3–0.9 (Fig. 5C). This likely reflects
the incomplete maturation of early endosomes into late endo-
somes, resulting in endosomes of a wide range of densities (25).
With both RAB7 and TSG101 knockdown, there was approxi-
mately a 2-fold increase in the total cell associated radioactivity as
compared with the siCon-transfected cells (Fig. 5D). This is con-
sistent with what was observed in the analysis of 125I-EGF secre-
tion following RAB7, TSG101, and siCon transfection (Fig. 4C).
Our biochemical data, along with previous reports, indicate

that although knockdown of RAB7 and TSG101 both delay the
degradation of the EGF�EGFR complex, they do so at different
stages in the endocytic pathway.
Knockdown of TSG101 but not RAB7 Prolongs EGFR Phos-

phorylation—To assess how these changes in trafficking affected
signaling, we examined the kinetics of EGFR phosphor-
ylation and degradation following RAB7 and TSG101 knock-
down. Following ligand binding, EGFR monomers dimerize,
their kinase domains become active, and the kinase domain of
one EGFRmonomer transphosphorylates the tyrosine residues

FIGURE 4. Knockdown of either RAB7 or TSG101 results in attenuated
kinetics of degradation of 125I-EGF. HeLa cells were transfected with either
control siRNA (siCon) or siRNA targeting either RAB7 or TSG101. A, represent-
ative immunoblot (IB) analysis indicating the extent of RAB7 and TSG101
knockdown 72 h post-transfection. Serial dilutions of each cell lysate (25 mg,
12.5 mg, and 6.25 mg) were resolved by 12% SDS-PAGE, transferred to nitro-
cellulose, and immunoblotted with antibodies against either TSG101 (Gene-
tex) or RAB7 (Sigma). B and C, 72 h post-transfection, cells were incubated at
37 °C with 125I-EGF for 7 min and, following washing to remove unbound
radioligand, were incubated in radioligand-free media for the indicated
times. At each time point the medium was collected to determine the levels of
secreted 125I. In addition, cell lysates were harvested, and intact radioligand
was precipitated with trichloroacetic acid. Data are plotted as the percentage
of intact 125I-EGF for each time point (B) or the percentage of 125I-EGF that was
secreted into the media at each time point (C) (mean � S.E., n � 4). *, p � 0.05
**; p � 0.10; calculated by a paired Student’s t test.
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of its receptor pair. Thus, monitoring EGFR phosphorylation
serves as an assay for the duration of EGFR activity.
Serum-starved cells were treated with EGF (10 ng/ml) for

0–180 min, and total and phosphorylated EGFR (pY1068) was
measured by immunoblot analysis (Fig. 6A). Densitometric
analysis quantified the difference in total EGFR phosphoryla-
tion (Fig. 6B) and the phosphorylation relative to the total
amount of receptor present (C).
We observed unexpected kinetic differences between EGFR

dephosphorylation and EGFR degradation. Knockdown of
RAB7 produced no change in the kinetics of EGFR phosphory-
lation and dephosphorylation compared with siCon control
cells, but the kinetics of receptor degradation were slowed.
TSG101 knockdown cells had dramatically slowed kinetics of

EGFR dephosphorylation without any significant difference in
the rate of EGFR degradation. One possible explanation is that
only a small percentage of the total receptor is phosphorylated
and that the phosphorylated receptor traffics differently than
the dephosphorylated receptor.
Importantly, despite changes in the steady-state distribution of

theEGFRwitheitherRAB7orTSG101knockdownanddecreased
total EGFR with TSG101 knockdown, levels of maximal receptor
phosphorylation were comparable in all three conditions.
Prolonged EGFR Phosphorylation Induces Apoptosis in HeLa

Cells—Having established a model system, we examined
whether EGFRs retained at the limitingmembrane of the endo-
some could induce apoptosis. Cells transfected with TSG101,

RAB7, or control siRNA were grown in either growth medium
(with serum), DMEM, or DMEM plus 10 ng/ml EGF (Fig. 7A).
Over the course of 72 h, EGFprofoundly reduced the viability of
TSG101 knockdown cells. Cells transfected with TSG101 siRNA
andgrown in thepresenceofEGFbecamerounded inmorphology
and showed increased cell death. In contrast, TSG101 knockdown
cells grown ineithergrowthmediaorDMEMshowednomorpho-
logical abnormalities or decreased survival. Further, EGF treat-
ment of the siCon control or RAB7 knockdown cells had no
detectable effect on cell morphology or survival.
To quantify these cellular changes, we used theMTT assay

to measure cell viability at 24 and 48 h (Fig. 7B). EGF-depen-
dent cell growth at 24 h was similar among control (siCon),
RAB7 knockdown, and TSG101 knockdown cells. At 48 h,
control (siCon) and RAB7 siRNA-transfected cells main-
tained their modest growth enhancement, as shown by the
dose-dependent increase in the number of viable cells. In
contrast, and consistent with our microscopic findings,
TSG101 knockdown cells showed a dose-dependent de-
crease in the number of viable cells at 48 h (Fig. 7B). We
determined that TSG101 knockdown cells underwent apo-
ptosis in response to EGF on the basis of the appearance of
cleaved PARP, an apoptosis marker (Fig. 7C). RAB7 knock-
down cells, which sequesters the EGFR in the intraluminal
vesicles of the late endosome, and the siCon control cells,
which process the EGFR normally, showed no increase in the
cleaved form of PARP in response to EGF.

FIGURE 5. RAB7 knockdown causes 125I-EGF to accumulate in high density endosomes and TSG101 knockdown causes 125I-EGF to accumulate in
endosomes of a range of densities. The endocytic accumulation of the 125I-EGF�EGFR complex was assessed by pulse-labeling cells with 125I-EGF. Following
120 min of chase with radioligand-free media, postnuclear supernatant was prepared from HeLa cells transfected with either control siRNA (siCON) (A), siRNA
targeting either RAB7 (B), or TSG101 (C). Data were plotted as the relative distribution of 125I in each fraction and were normalized to the total radioactivity.
Shown are representative graphs from four independent experiments. D, plot of the relative total radioactivity in transfected HeLa cells following incubation
for 120 min at 37 °C. Circles along the x axis indicate the distribution of density beads (from lowest to highest Rf: 1.040 g/ml, 1.055 g/ml, 1.069 g/ml, and 1.109
g/ml). Early endosomes migrate at 1.035–1.042 g/ml. The heavier late endosomes sediment with a density of 1.048 –1.060 g/ml.
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DISCUSSION

We have demonstrated previously that EGF induces MDA-
MB-468 cells to undergo apoptosis regulated by the intracellu-
lar localization of the EGF�EGFR complex (8). In this study,
we demonstrate in MDA-MB-468 cells that the activated
EGF�EGFR complex accumulates on the limiting membrane of
the early endosome with the phosphotyrosines of the carboxyl
terminus of the receptor exposed to the cytoplasm. From these
data, we developed the hypothesis that the accumulation of
EGFRs on the limiting membrane of the endosome is sufficient
to induce ligand-mediated apoptosis.
To test our hypothesis, we used HeLa cells and disrupted

EGFR endocytic trafficking using a pharmacological agent
(monensin) to prevent trafficking of the EGFR beyond the
endosome, resulting in the accumulation of the active receptor
at the endosome. Following treatment with monensin, we
observed an EGF-dependent decrease in viable cells, indicating
that retention of the activated EGFR in the endosome was suf-
ficient to compromise cell viability. We used an RNAi strategy
to demonstrate that the endosomal orientation of the receptor
was critical to EGF-induced apoptosis. Knockdown of TSG101,
which keeps the receptor on the limiting membrane of the
endosome with the carboxyl terminus oriented toward the
cytoplasm, led to a similar trend of apoptosis. However, RAB7

knockdown, which allows the ligand-receptor complex to be
sequestered in the ILVs with the carboxyl terminus no longer
accessible to downstream effectors, did not yield EGF-depen-
dent induction of apoptosis.
Importantly, with both the pharmacological and RNAi strat-

egies, the cells underwent apoptosis in response to EGF, but not
in serum-free or growth media, confirming that apoptosis
required EGFR signaling. These data indicate that the spatial
localization of the active EGFRon the limitingmembrane of the
endosome is sufficient to signal apoptosis.
Consistent with the increase in apoptosis, we also observed

that TSG101 knockdown resulted in prolonged ligand-depen-
dent EGFR phosphorylation, whereas RAB7 knockdown did
not. Because knockdown of either protein causes slowed kinet-
ics of degradation but at different subcellular locales, this is
likely due to receptor dephosphorylation occurring in the ILV
of the late endosome/multivesicular body. This may be the
result of an ILV-specific resident phosphatase, ligand dissocia-
tion and subsequent receptor kinase inactivation, or the sensi-
tivity of tyrosine phosphorylation to the acidic ILV.
Apoptosis is often underappreciated as one of the physio-

logically relevant EGFR-mediated changes in cell biology. It
may be an important protective feedback mechanism when
EGFR signaling goes awry. That is, the EGFR does not nor-

FIGURE 6. Knockdown of TSG101, but not RAB7, prolongs EGFR signaling. HeLa cells were transfected with either control siRNA (siCon) or siRNA targeting
either RAB7 or TSG101. Following recovery from transfection (72 h), cells were serum-starved for 2 h and then treated with 10 ng/ml EGF for the indicated
amounts of time. A, cell lysates were prepared, and equivalent amounts of protein were resolved by 7.5% SDS-PAGE, transferred to nitrocellulose, and
immunoblotted (IB) with antibodies for either phosphorylated EGFR (pY1068 EGFR), EGFR, or �-tubulin. Shown is a representative blot of an experiment
repeated four times. B and C, densitometric readings from four independent experiments were quantified using ImageJ software and normalized to the
intensity of the 15-min time point in siCon cells for phosphorylated EGFR or to the 0-min time point for total EGFR. Data are presented as the mean � S.E. *, p �
0.10; **, p � 0.05; calculated by a paired Student’s t test.
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mally induce apoptosis as part of the role of the receptor in
tissue development but may trigger apoptosis when the cell
senses excessive EGFR signaling as a result of EGFR overex-
pression or defective signal attenuation. Thus, EGFR-medi-
ated apoptosis may be important for maintaining the overall
tissue homeostasis.
It has been speculated previously that the EGFR-mediated

induction of apoptosis may limit the invasiveness of breast can-
cer (26). Perhaps our findings could be used to specifically tar-
get EGFR-positive cancers by simultaneously stimulating the
receptors while inhibiting their endocytic trafficking. If our
model were correct, one would predict that cancer cells with
higher levels of EGFR expression/activity would be most sensi-
tive to the blockade of EGFR trafficking. Thus, the EGFR-ex-
pressing cancer cells would be affected preferentially over nor-
mal cells, minimizing side effects.
In addition, this work provides important insight into the

basic cell biology of how the endocytic pathway negatively reg-
ulates EGFR signaling. There have been at least three models
proposed for how signaling by the EGFR is terminated: dephos-
phorylation of the EGFR, sequestration of the ligand-receptor
complex into intraluminal vesicles, or degradation of the recep-
tor. Our strategy of disrupting endocytic trafficking at discrete
stages in the pathway allows us to discriminate among these
models.
Knockdown of either TSG101 or RAB7 delays EGFR degra-

dation, but only knockdownofTSG101prolongs signaling, sug-
gesting that receptor degradation by itself is not the key regu-
latory mechanism. Rather, it appears that sequestration of the
ligand-receptor complex is needed to terminate signaling.
Keeping the EGFR on the limiting membrane of the endosome
prolongs signaling as measured by receptor phosphorylation.

This finding is consistent with the work by Bache et al. (27).
In their study, the authors knocked down two different ESCRT
proteins to selectively accumulate EGFRs at the limiting mem-
brane and in the ILVs of the late endosome. They demonstrated
that receptors on the limiting membrane had increasedMAPK
activity but did not report a change in cell physiology. Because
subtle changes in effector activity often do not alter cell physi-
ology, our study provides a context for changes in signal regu-
lation. The induction of apoptosis in a dose-dependentmanner
indicates that it ismediated through the EGFR. Identification of
the specific effector(s) downstreamof the activated EGFR in the
limiting membrane of the endosome is an important area for
further investigation.
For the EGFR, the limiting membrane of the late endosome/

multivesicular body may be a logical pharmacological target to
trap receptors and enhance their signaling (i.e. to promote
EGFR-mediated wound healing). Conversely, promoting rapid
sequestration of activated receptors into the ILVs may be a
useful approach to accelerate termination of receptor signaling
(i.e. in cancers that overexpress EGFRs). It should be noted that
this strategy may need to be modified for other signaling path-
ways. It was recently reported that sequestration of canonical
Wnt signaling potentiates signal transduction by trafficking of
glycogen synthase kinase 3 into the ILVs of the late endosome/
multivesicular body (28).
Here we provide evidence of a novel cellular feedback mech-

anism that prevents prolonged EGFR signaling by inducing
apoptosis. These findings bring new insights into how endo-
cytic trafficking regulates EGFR signaling.
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